Abstract 2-Mercaptopyridine N-oxide (I) undergoes spontaneous dimerization to the disulfide form due to reaction with iodine acting as an oxidizing reagent. As a result, a di-N-oxide disulfide derivative of pyridine is obtained. During the process of crystallization, one of N-oxide groups undergoes protonation and a cation form of disulfide moiety cocrystallizes with I 3 − counterion forming a salt structure. Therefore, in the crystalline state, the 2,2′-dithiobis(pyridine N-oxide) molecule exists in a not observed previously form of monocation. Interestingly, the protonated N-oxide group does not form hydrogen-bonded salt bridges (of the CAHB(±) type with I 3 − anions) but prefers to be involved in intermolecular interactions with the unprotonated N-oxide group of the adjacent molecule This results in formation of intermolecular CAHB(+) hydrogen bridges finally linking molecules into infinite chains. The crystal structure is also stabilized by other various noncovalent interactions, including iodine...iodine and sulfur...iodine contacts.
Introduction
Chemical derivatives of mercaptopyridine N-oxide are known for its diverse biological properties [1, 2] . Among them, the title 2-mercaptopyridine N-oxide (1-hydroxy-2(1H)-pyridinethione) (I) has been proved to be an effective antimicrobial and antifungal agent [3] [4] [5] and a potential labelling agent [6] . Mercaptopyridine N-oxides are also used as effective ligands in syntheses of transition metal complexes [7] [8] [9] [10] .
The X-ray studies of the title compound are a part of our ongoing studies on synthesis and analysis of novel pyridine N-oxides cocrystals [11] [12] [13] [14] . As an object of our work, we have chosen 1-mercaptopyridine N-oxide-a compound of confirmed bioactivity for which two tautomeric forms have been reported [15] .
We were interested in obtaining a novel crystal structure stabilized by halogen bonding interactions to N-oxide moiety. For this purpose, we have used I 2 iodine as a cocrystallization agent. Hydrogen and halogen bonding interactions responsible for the stabilization of the obtained crystal structure are under our particular attention.
Experimental

Crystallization
Crystals suitable for X-ray measurements were obtained from commercially available reagents (Aldrich Chemical Co.) which were used without further purification. 0.5 mmol of N-oxide was mixed with an excess of iodine and dissolved in ethanol (4 mL). The obtained solutions were warmed to 70°C until dissolution of ingredients and were then kept at room temperature. Crystals (dark brown plates) for X-ray diffraction were obtained after slow evaporation of solvent within 2 weeks.
X-ray diffraction studies
X-ray data were collected at low temperature (100 K) on Oxford Diffraction SuperNova DualSource diffractometer with monochromated MoKα X-ray source MoKα (λ = 0.71073). Data reduction and analytical absorption correction were performed with CrysAlis PRO [16]. The crystal structure was solved by direct methods in monoclinic P2 1 /c space group and refined on F 2 by full-matrix least-squares procedures using SHELXL-97 [17] (R [I > 2σ(I)] = 0.0156 and wR
2
[I > 2σ(I)] = 0.0380). The positions of OH hydrogen atoms were found on a Fourier difference map and refined. Hydrogen atoms of aromatic rings were introduced in calculated positions with idealized geometry and constrained using a rigid body model. Atomic coordinates, displacement parameters, and structure factors of the analyzed crystal structures are deposited with Cambridge Crystallographic Data Centre CCDC (deposit number: 1855702) [18] .
Hirshfeld surface analysis
Molecular Hirshfeld surface and fingerprint plots were generated with CrystalExplorer 3.0 [19, 20] , using the automatic procedures implemented in the program. The surfaces are mapped with a normalized contact distance (d norm ), with values ranging from − 0.150 to 1.000.
Fourier transform infrared spectroscopy (FT-IR) studies
FT-IR analysis was performed with the Perkin Elmer Spectrum 1000 spectrometer. Sample was made into a homogenous mixture in KBr using a mortar and a pestle, then gently pressing the powder under vacuum condition with a compensation force of 10 tons using 14 mm diameter round flat force punch to produce a KBr pellet. Sample was placed in the light path, and the IR spectrum from 400 to 4000 cm 
Results and discussion
X-ray diffraction studies revealed that 2-mercaptopyridine Noxide (I) upon cocrystallization with iodine I 2 undergoes dimerization to the disulfide form [22] , that is, in our case, a halfway protonated 2,2′-dithiobis(pyridine N-oxide) (II). The unprotonated product of oxidation has been reported in the literature [23, 24] however without detailed description of the reaction scheme. The full scheme of redox reaction with iodine is presented in the Chart 1.
It is clearly seen that, in the investigated case, iodine I 2 acts as a mild oxidation agent leading to the condensation of (I) Chart 1 Scheme of redox reaction leading to formation of the final disulfide (II) Fig. 1 The molecular structure of 2,2′-dithiobis(pyridine N-oxide) (II) cation with I 3 − anion, showing the atom labelling scheme and displacement ellipsoids at 50% probability level into the disulfide form (II) by oxidation of sulfur atoms. The latter one, in the arising acidic environment (formation of HI), exists in partially protonated form (formally one of N-oxide groups is protonated). In turn, arising as a result of reduction reaction, iodide anions I − are bound by iodine molecules forming I 3 − complex anions. The molecular structures of the both disulfide cation molecules (II) and I 3 − anions are confirmed by X-ray diffraction studies (see Fig. 1 ). In the crystallization procedure, a novel cocrystal structure of (II) has been obtained. Ionization of the hydrogen iodide molecule in ethanol solution is accompanied by a protonation one of N-oxide groups. Therefore, in the crystalline state, 2,2′-dithiobis(pyridine N-oxide) molecule exists in not observed previously cationic form. Moreover, there is one semiprotonated molecule of (II) (cation form) and one I 3 − counter ion in general position of the asymmetric unit (P2 1 /c space group). The molecular structure and atomic labelling scheme is presented in Fig. 1 .
The unprotonated molecular structure of compound (II) is known from other crystallographic studies (CSD refcode RIRPEN) [24] . There are also reported three cocrystal struct u r e s : 5 , 5 ′ -t h i o b i s ( 3 -h y d r o x y -4 -m e t h y l -2 ( 3 H ) -thiazolethione)2,2′-dithiobis(1-hydroxypyridine) (DUDCOU) [23] (Fig. 2a) , bis(2,2′-dithiobis(pyridine N-oxide)) tetracyanobenzene tetrahydrate (RIRPIR) [24] (Fig. 2b) , and bis(2,2′-dithiobis(pyridine N-oxide)) pyromellitic dianhydride (RIRPOX) [18] (Fig. 2c) . However, it is worth noting that, to the best of our knowledge, the semiprotonated structure of (II) has not been yet observed in the crystalline state [25] .
The comparison of selected geometric parameters characterizing 2,2′-dithiobis(pyridine N-oxide) molecule known from all the structural X-ray studies is presented in Table 1 . Bond lengths of sulfur atoms (SS and CS) in all discussed structures are equal to each other within the experimental errors. Similar situation is observed for CN bonds. However, there is an evident elongation of N-oxide NO bonds in (II) in comparison with the other crystal structures which results from protonation of the molecule. Localization of hydrogen atom within N-oxide...N-oxide hydrogen bridge, on the base on difference Fourier map, directly indicates which of the Noxide groups should be treated as a protonated one. Indeed, there are small differences between NO bonds (Table 1) , but when 3σ criterion is taken into account, the observed differences are meaningless. This suggests that positive charge in fact involves both N-oxide groups but not molecular skeleton. Formally, the observed hydrogen bonding interaction links cations; however, in practice, only one group (formal donor) is positively charged while the acceptor group retain formally neutral. Taking this fact into account, the observed interaction NO-H + …ON could be classified as a positive charge-assisted hydrogen bond CAHB(+) [26] .
In the crystal structure, individual molecules of (II) are linked with each other by the NO-H + ...ON hydrogen bonds. These relatively short interactions of the neighboring N-oxide groups are responsible for the formation of infinite chains of molecules extending along [010] crystallographic direction (Fig. 3) .
The distance between interacting oxygen atoms of donor and acceptor groups O1…O2 is equal 2.416(2) Å and belongs to shortest ones observed in N-oxide hydrogen bonds [27] [28] [29] [30] [31] . Other geometric parameters of the observed interactions are presented in the Table 2 .
The interesting case of the presented CAHB(+) hydrogen bond has been additionally determined by IR spectroscopic studies. It is rather easy to characterize hydrogen bonding in the solid state by using FT-IR spectroscopic techniques. In the case of the analyzed cocrystal, the stretching vibration of the Noxide N → O moiety (νNO) is expected to be very sensitive to the state of hydrogen bond. By comparing the 2,2′-dithiobis(pyridine N-oxide) spectrum [32] to that recorded on cocrystals of (II) (Fig. 4) one can observe expected similarity.
Indeed, νNO band is seen at 1252 cm −1 in the nonhydrogen-bonded di(2-pyridyl) disulfide S,S′-dioxide 3.6918 (7) and at 1246 cm −1 in (II). However, analyzing the most sensitive spectral region, we can notice main differences by band at 1143 cm −1 observed for II and not observed for the other case. This band can be assigned to the νNO mode perturbed by the hydrogen bond interaction, as indicated by X-ray studies. Analogous band shifts in FT-IR spectra were already observed during the proton transfer in pyridine N-oxide / acid systems [31] . In the title, cocrystal structure iodide anions I − are bound to iodine molecules I 2 forming I 3 − complex anions (compare The structure of anion I 3 − is also known from other crystallographic studies on multicomponent crystals [25] . There is observed similar alternation of I-I bond lengths from 2.7787(6) up to 3.0479(8) Å with retaining linearity of the molecule [33] [34] [35] . Interestingly, the properties of triiodide anion have been also studied by theoretical methods including QTAIM and ELF Theory [35] [36] [37] . Interestingly, in the title crystal, as a result of I...I interactions, four I 3 − iodine complex molecules form cyclic structures which includes inside 2,2′-dithiobis(pyridine N-oxide) molecules. In turn, these condensed rings form a twodimensional network of the structure of puckered paper running parallel to (100) lattice plane. Finally, the chains of hydrogen-bonded molecules 2,2′-dithiobis(pyridine N-oxide) are intertwined with net built of I 3 − complex molecules of distances close to van der Waals separation (see Fig. 5 ). In general, polyiodides, which very often form zigzag chain motives, are unique among halide anions playing the role of supramolecular glue in multicomponent crystals [35, 38] .
There are also others intermolecular interactions shorter than the sum of van der Waals radii [39] of the type of C-H…O, I…I and I...S in the title crystal structure. Analysis of molecular Hirshfeld surface indicated that, among all intermolecular contacts of 2,2′-dithiobis(pyridine N-oxide) molecule, the most numerous are H…O contacts, with the percentage of 17.5%, resulting from various hydrogen bonds. In turn, for I 3 − anion I…I (of the percentage of 7.9%) and I…S (of the 
Conclusions
We have shown that iodine can be considered a good oxidation agent in the reaction of disulfide bridge formation using a 2-mercaptopyridine N-oxide as a starting reagent. During the crystallization process, the final product of reaction undergoes protonation. As a result, one of Noxide groups is protonated while the other one retains in its formally neutral state. Such a half-protonated di-N-oxide structure is observed for the first time.
The obtained disulfide cation in solid state forms a salt with I 3 − counterion, as confirmed by X-ray studies and FT-IR analysis. Interestingly, protonated, that means, formally charged N-oxide group which is considered a strong proton donor in potential hydrogen bonding bridges, does not interact with I 3 − anions, which would lead to CAHB(±) salt bridges, but prefers to involve the other N-oxide group in formation of intermolecular CAHB(+).
Other important intermolecular interactions are also present in (II), including iodine...iodine and sulfur...iodine contacts, as depicted by Hirshfeld surface analysis. 
